Introduction
All organisms, whether prokaryotic or eukaryotic, have evolved mechanisms that produce resistance to drugs and toxic metals [1, 2] . In bacteria, these genes are found both on large multiple-resistance plasmids and on chromosomes. These are most likely to be ancient adaptations to environmental stresses and bacterial warfare. Organisms are exposed constantly to natural sources of metals, including the ionic forms of antimony, arsenic, cadmium, copper, iron, mercury and zinc. In addition, bacteria fight each other by producing antibiotics and toxins that kill competitors, but to which the producing organism is immune. Mankind has adapted this bacterial warfare to its own end by mass production and the use of antibiotics. Which came first, resistance to antibiotics or resistance to metals? Obviously there were dissolved metals in the primordial soup in which the first organisms evolved; still, it is impossible to determine when these resistances first arose. However, metal resistances appear to have been more widespread than antibiotic resistances before the modern era of clinical use of antibiotics.
The most common mechanism of resistance is active extrusion of drugs or toxic metals from the cell, thus reducing their intracellular concentration to subtoxic levels [1] . In this Chapter, various types of extrusion system that produce metal resistance will be considered. Transport can be considered from two points of view; thermodynamics and mechanism. Thermodynamics defines what is possible energetically, but biochemistry defines what molecular events are involved in the transport processes. Transporters that use the same type of energy source are not necessarily similar in terms of biochemical mechanisms. Conversely, transporters that are mechanistically related in terms of evolution may use different energy sources. Thermodynamics divides transporters into primary and secondary systems. Primary active transport systems are the biological equivalent of an engine; they utilize chemical energy to establish chemical solute gradients or electrochemical ion gradients. Secondary active transport systems are the biological equivalent of a transformer; they convert the electrochemical gradients established by primary systems to gradients of other solutes. Figure 1 illustrates these categories of transporter with bacterial soft-metal ion transporters. In this context, soft-metal ions are defined as those with high polarizability, where the ratio of the ionic charge to the radius of the ion is relatively large. Thus Na + and K + , with large ionic sizes and single charges, are Many genes related to metal-transport systems have been identified, but only in a few cases have their protein products been demonstrated to catalyse energy-dependent efflux reactions. These include three related cation-translocating ATPases: the copB system of Enterococcus hirae that encodes a Cu(I)-translocating ATPase for resistance to Cu(I) and Ag(I) [3] [4] [5] ; the plasmidencoded cad operon of Staphylococcus aureus that encodes resistance to Cd(II) [6] , and the zntA gene that confers zinc and cadmium resistance in Escherichia coli by encoding a Zn(II)-translocating ATPase [7] . These ATP-coupled transporters are primary pumps. In contrast, the czc determinant from Alcaligenes eutrophus [8, 9] , which also produces resistance to Zn(II) and Cd(II), as well as Co(II), functions as a secondary cation-proton antiporter that is dependent on the electrochemical gradient across the cell membrane. Antiporters bring about concerted movement of two species in opposite directions (as described later). Finally, a resistance system encoded by the ars operon of the E. coli plasmid R773 produces resistance to arsenate [As(V)], arsenite [As(III)] and antimonite [Sb(III)] [2, 10, 11] . The Ars transport system is novel in that it can utilize either ATP or the electrochemical gradient [12] ; depending on its subunit composition, it can be either a primary pump or a secondary carrier [13, 14] .
Soft-metal P-type ATPases
One superfamily of cation-translocating ATPases is the E 1 E 2 or P-type ATPase group [15] (Figure 2 ). Members of this family have been found in all organisms, and nearly all biologically important cations are transported by these types of pumps. In animals, the best known P-type ATPases are the sodium pump, which exchanges intracellular Na + for extracellular K + , and is the major electrogenic pump of mammalian cells, the H + /K + -ATPase, which exchanges intracellular H + for extracellular K + , and is responsible for gastric acidification, and the calcium-extrusion pumps of plasma membrane and sarcoplasmic reticulum, which are involved in a variety of functions including muscle contraction and intracellular signalling. In bacteria, some P-type ATPases catalyse uptake of essential cations such as Mg 2+ and K + . All P-type ATPases have certain common features, such as an ATP-binding domain and a conserved aspartate residue that becomes phosphorylated during the catalytic cycle.
A subfamily of the P-type ATPases is that which has been termed the CPx-type ATPases [5] or soft-metal ATPases [7] . These are involved in intracellular homoeostasis or resistance to soft-metal ions, which are almost invariably toxic in high concentrations. Some, such as Cu(I) and Zn(II), are required CadA B. subtilis
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for viability because they are cofactors for enzymes or regulatory proteins. Thus there are transport systems that accumulate these ions inside cells. However, if allowed to accumulate to high levels, they would become toxic. Specific soft-metal P-type ATPases have evolved to keep the intracellular concentrations of these ions within a tolerable range by the process of homoeostasis. As an additional benefit to the cells, copper pumps can detoxify the more deadly soft-metal Ag(I), and the zinc pump detoxifies Cd(II).
Resistance to Cu(I) and Ag(I) -CopA and CopB
Cu(I) reacts strongly with sulphur-and nitrogen-donor ligands in proteins. Thus even at low concentrations, it is a very effective cofactor in enzymes. However, it can also react non-specifically with cysteine and histidine residues in proteins, disrupting their enzymic activity. Transition-metal ions such as Cu(I) can also produce reactive oxygen species, which can lead to various modes of cellular damage. Thus copper is extremely toxic at high concentrations. One branch of the evolutionary tree of soft-metal P-type ATPases includes Cu(I)-translocating enzymes ( Figure 2 ). These have been found in nearly every organism examined, reflecting the biological necessity for copper homoeostasis. In humans, mutations in the genes for two of these enzymes result in inherited defects in copper metabolism, termed Menkes and Wilson diseases [16] [17] [18] . Examination of the primary and predicted secondary structures of copper ATPases demonstrates several common features absent in other P-type ATPases. First, they all have a cysteine-or histidine-rich Nterminus. In the eukaryotic homologues, such as the Menkes and Wilson disease proteins, there are six repeats of a cysteine-X-X-cysteine sequence, where X can be any of a variety of amino acid residues. In bacterial homologues such as CopA from En. hirae, there is only one CXXC sequence [3] . In CopB, another bacterial homologue from En. hirae, there are no CXXC motifs, but the N-terminus is rich in histidine residues [19] . The N-termini of these proteins is predicted to be a cytosolic extension that binds copper ions. The bound copper could then be transferred to a domain in the membrane for transport. Alternatively, the N-terminal domains could be regulatory, with binding of metal activating transport of a different ion of copper. Another possibility is that the N-terminal domain sequesters copper to prevent it from entering the cytosol as a free ion. At present there are no data to discriminate between these possibilities. The substrate of copper P-type ATPases is probably Cu(I), although it is difficult to demonstrate this conclusively. CopB has been shown to transport 64 Cu(I) in vitro [4] . Under oxidizing conditions, such as exposure to the atmosphere, Cu(I) can rapidly oxidize to Cu(II). However, the cytosol of cells is highly reducing, with high concentrations of thiols such as reduced glutathione, suggesting that Cu(I) is present intracellularly. Recently, Lutsenko and co-workers [20] cloned the N-terminal sequences from the Menkes and Wilson proteins and demonstrated that they bound copper with a stoichiometry of 5-6 nmol of copper/nmol of protein (one copper per CXXC repeat) when expressed in E. coli. The copper released from polypeptides reacted with bicinchoninic acid, which reacts with Cu(I) but not Cu(II). These results support but do not prove the hypothesis that the reduced metal ion is the pump substrate.
In the middle of each of these proteins is a conserved cysteine-proline-cysteine (CPC) or cysteine-proline-histidine (CPH) motif. Transport proteins are polytopic membrane proteins; that is, they span a membrane multiple times. From the hydropathic profile of these proteins it can be predicted that they will have eight or more membrane-spanning regions. The topology of a putative copper ATPase from Helicobacter pylori was determined recently [21] . The ATPase has eight domains that probably form four pairs of transmembrane segments. The ATP-binding domain is located in a cytoplasmic sequence between transmembrane helices 6 and 7. Transmembrane helix 6 contains both the conserved aspartate that is the most likely phosphorylation site and the CPC sequence characteristic of the soft-metal-translocating ATPases. The function of the CPC sequence is not known, but it is reasonable to speculate that it is part of the translocation pathway for the ion.
The physiological function of bacterial copper transporters has been best elucidated by the studies of Solioz and Vulpe [5] . They cloned and sequenced the copAB operon from En. hirae [3, 19] . The copA gene product is a 727-residue protein with one CXXC motif in the N-terminus and a CPC sequence in a putative membrane-spanning helix. It is more closely related to the Menkes protein than it is to CopB. CopB lacks N-terminal CXXC repeats but is rich in histidine; it also has a transmembrane CPH sequence. Since histidine nitrogens can serve as Cu(I) ligands, those residues may serve the same role in CopB as the cysteine repeats in CopA. Disruption of the copA gene resulted in a copper-requiring phenotype. In contrast, disruption of copB rendered the cells sensitive to copper. This has led to the hypothesis that CopA is a copper-uptake system and CopB is an efflux system [4] . Consistent with this idea, CopB has been shown to catalyse ATP-dependent accumulation of 64 Cu(I) and 110 Ag(I) in everted (inside-out) membrane vesicles prepared from cells of En. hirae [4] . Transport was inhibited by vanadate, a classical inhibitor of P-type ATPases. It is reasonable to consider that together the two pumps maintain the intracellular concentration of copper within a narrow range, sufficient for synthesis of copper-containing proteins but at subtoxic levels. The similarities and differences between CopA and CopB illustrate an important point: the direction of substrate transport is not an intrinsic feature of transport proteins and is not easily deduced from inspection of the sequencesimilar proteins can function either as uptake or efflux pumps.
Resistance to Zn(II) and Cd(II) -CadA and ZntA
Zn(II) is not as polarizable as Cu(I), and so does not interact with thiols or nitrogens in proteins as strongly as copper ions. As a consequence, zinc ions are not as toxic as copper ions. Still, both are required in low amounts and toxic in high amounts. In contrast, cadmium, a heavy metal in the same group as zinc, is extremely toxic, and cadmium-resistance determinants are wide-spread. The first Cd(II) resistance was identified in the Staph. aureus plasmid pI258. The cad operon contains two overlapping open reading frames [6] . The first, CadC, a member of the ArsR family of metalloregulatory proteins, is a cadmium/zinc-responsive repressor protein that most likely controls expression of the cad operon. The cadA gene, which overlaps cadC by 4 bp, encodes a 727-residue P-type ATPase. From this sequence similarity, CadA was proposed to confer resistance by transporting cadmium out of cells. CadA has phosphorylation (DKTGT) and phosphatase (TGES) domains common to all members of the family. The first 105 residues are probably cytosolic and have a single CXXC sequence. In a putative transmembrane helix is the sequence C 371 PC 373 . The cad operon was subcloned from plasmid pI258 and expressed in Bacillus subtilis [22] . The operon could be induced by cadmium, and its expression conferred cadmium resistance to the B. subtilis host cells. Cadmium transport catalysed by CadA was demonstrated using everted membrane vesicles of B. subtilis [22] . Transport was assayed by measuring the uptake of 109 Cd(II) into the vesicles. Cd(II) transport was observed only when the plasmid contained a functional cadA gene, and when ATP was used as an energy source.
In contrast to Gram-positive organisms such as Staph. aureus and B. subtilis, the Gram-negative E. coli is intrinsically resistant to cadmium. Although it was possible that E. coli once had a chromosomal cadA gene, when the sequencing of the E. coli genome was completed, it was apparent that cadA was not present in the chromosome. A homologue, orf732, was more closely related to cadA than to copA or copB. However, ORF732 and CadA share only 35% identical residues, so it was not possible to reliably assign a function to the putative protein. In a search for zinc-responsive genes in E. coli, Beard et al. [23] isolated a zinc-and cadmium-sensitive mutant by transposon mutagenesis, calling the disrupted gene zntA. From its sequence, zntA was shown to be identical to orf732. In a parallel study, Rensing et al. [7] disrupted orf732 and showed that the resulting strain was sensitive to both zinc and cadmium. Since the gene product is clearly related to zinc metabolism, the designation ZntA has been accepted. Everted membrane vesicles from a wild-type strain accumulated 65 Zn(II) and 109 Cd(II) using ATP as an energy source. Transport was sensitive to the classical P-type ATPase inhibitor vanadate. Membrane vesicles from the zntA-disrupted strain accumulated neither 65 Zn(II) nor 109 Cd(II). Both the sensitive phenotype and transport defect of the mutant were complemented by expression of zntA on a plasmid. This was the first demonstration of zinc transport by a soft-metal P-type ATPase [7] . Recently, a ZntA homologue was identified in Proteus mirabilis, an enteric bacterium related to E. coli. A mutant in this ZntA homologue was identified from a defect in swarming of P. mirabilis [24] . The relationship of a putative zinc-extrusion pump and swarming is not clear. Perhaps an increase in intracellular zinc ions results in inhibition of an enzyme involved in swarming.
Although the chromosomal zinc pumps are closely related to the cadium pumps, their normal functions are probably different. Since zinc is required for growth but is toxic in excess, a balance between uptake and efflux is necessary. ZntA is probably the efflux half of a zinc homoeostatic mechanism, similar to the situation with CopA and CopB. In contrast, plasmid-encoded pumps such as CadA most likely evolved from such housekeeping genes, but have a specialized role in resistance mechanisms.
Resistance to Zn(II) and Cd(II) -CzcCBA
A system evolutionarily distinct from the P-type ATPase that also produces resistance to Cd(II) and Zn(II) is encoded by the plasmid-borne czc (cadmiumzinc-cobalt) operon of the Gram-negative bacterium A. eutrophus [25] . Czc is a member of a family of exporters that provide resistance to drugs and metals, among other functions [26] . These exporters are a complex of three types of protein: (i) a cytoplasmic membrane-export system; (ii) a membrane-fusion protein (MFP); and (iii) an outer-membrane factor (OMF). The three structural genes of the operon encode the 116 kDa CzcA (integral membraneexport protein), 55 kDa CzcB (MFP) and 45 kDa CzcC (OMF) proteins. This membrane complex is a secondary transport system that catalyses extrusion of Cd(II), Zn(II) or Co(II) in exchange for an undefined number of protons [8] . These secondary transport systems are active only in the sense that uphill transport of one solute occurs, but at the expense of a gradient of another, with a net decrease in the sum of the two gradients. There are three basic types of secondary porter: uniporters, symporters and antiporters. As the names imply, these are carriers for single solutes, two or more solutes in the same direction, or multiple solutes in opposite directions, respectively. The Czc system is therefore an antiporter; the driving force for metal extrusion is the downhill flow of protons, where the electrochemical proton gradient had been established previously by primary proton pumps.
Partial resistance is conferred by expression of the czcA gene alone, suggesting that CzcA is sufficient for metal extrusion [9] . From its amino acid sequence deduced from the DNA sequence, CzcA is a member of the resistance-nodulation-cell division (RND) family [26] . From its hydropathic profile, CzcA should be an integral membrane protein and may be the central component of the transporter. The primary sequence of CzcB places it in the MFP family. From its hydropathic profile CzcB probably has at least one membrane-spanning region near the N-terminus that may embed it in the inner membrane. From analysis of gene fusions, it appears that CzcB is accessible to the periplasm. When inner and outer membranes were separated, the majority of CzcB was found associated with the outer membrane. This suggests that its function may be to create a bridge for cations from the innermembrane CzcA antiporter across the periplasm and through the outer membrane. CzcB has two similar histidine-rich motifs near its N-terminus (HGDTEHH and HGDGEHH). Since histidine nitrogens are ligands to soft metals, it was proposed that these regions would be involved in metal binding or recognition. However, deletion of both motifs led only to a small loss of resistance, so the role of these histidines in Czc function remains unclear. From its primary sequence, CzcC is a member of the OMF family. The results of gene-fusion experiments indicate that CzcC is a periplasmic protein that is also associated with the outer membrane. Deletion of the czcC gene reduces but does not eliminate zinc resistance, although there is a significant reduction in the level of cadmium resistance, so it is possible that CzcC is a specificity factor. Another possible role of CzcC is interaction of the complex with an outer-membrane pore-forming protein, facilitating the efflux of cations, possibly forming the pore itself; thus CzcC would not be essential for resistance, but could augment it [9] .
Resistance to arsenic and antimony
A third type of metal resistance is conferred by bacterial ars operons ( Figure 3 ) [2] . They share a common organization, with genes for a transcriptional repressor, ArsR, that regulates expression of the operon, a transport protein, ArsB, and a soluble reductase, ArsC. Arsenate [As(V)] is reduced by the ArsC arsenate reductase to arsenite [As(III)], which is then extruded by the transport system. This expands the range of resistance to both the oxidized and reduced forms of arsenic.
ArsB is the actual carrier protein for arsenite or antimonite. It functions as a secondary uniporter (a carrier for a single solute) that catalyses electrophoretic transport of the oxyanion out of cells [14] . The ArsB protein from the E. coli plasmid R773 has 12 membrane-spanning ␣-helices, with a transmembrane topology similar to that of many secondary carriers [27] . It has no required cysteine residues and apparently transports arsenite or antimonite as anions rather than as soft metals [28] . The R773 ArsB is closely related to most other bacterial arsenic-resistance transporters (Figure 4) . However, recently a separate group of proteins with ArsB-like function has been identified in eukaryotic yeast, archaea and some bacteria. From their hydropathic profiles these proteins may have only 10 membrane-spanning segments. It is not clear whether these are related to the more common ArsB or whether they represent a parallel evolutionary solution to the same problem of arsenic toxicity.
Operons that have only arsRBC genes produce low levels of resistance to As(III) or Sb(III). Some ars operons confer higher-level resistance. These operons have two additional genes; arsD, which encodes a second regulatory protein [29] , and arsA, which encodes an ATPase protein that associates with ArsB to convert it into a primary ATP-coupled arsenite pump [12, 13] . The two proteins form a membrane-bound complex that cannot be easily dissociated. However, in the absence of an arsB gene, ArsA can be expressed as a soluble protein in the cytosol of E. coli, which can be easily purified [30] . ArsA ATPase activity is low in the absence of arsenite or antimonite, ensuring that ATP hydrolysis does not occur in the absence of transport. ATPase activity is allosterically activated by As(III) or Sb(III). These bind as soft metals to a site on ArsA that contains three cysteine residues, Cys113, Cys172 and Cys422, with the postulated structure shown in Figure 5 (A) [31, 32] . This is the first physiologically essential metal-binding site involving arsenic or antimony, and ArsA is the first enzyme shown to require arsenic or antimony for activity. ArsA has two halves, each of which has a binding site for ATP. Cys113 is located in the analogous position in the N-terminal half of the protein as Cys422 occupies in the C-terminal half. The working hypothesis for allosteric activation is that the two halves of the protein must be in contact with each other to be active ( Figure 5B ) [33] . In the absence of the soft metal there is nothing to hold them together, so the activity is low. When As(III) or Sb(III) interact with cysteines from the two halves of the protein, those domains are pulled together, resulting in activation of ATPase activity. The release of energy from ATP hydrolysis in the ArsA subunit is transduced into the ArsB subunit of the pump. ArsB is postulated to bind arsenite or antimonite aniondifferent molecules than those bound at the allosteric site of ArsA -and to use the energy from hydrolysis to pump those toxic metalloid oxyanions out of the cells. Why should there be two different modes of arsenic transport? It is reasonable to consider that ArsB arose early, giving a moderate level of resistance to arsenic salts. More operons with arsB alone have been identified to date than operons with both arsA and arsB. However, pumps are thermodynamically more efficient than carriers. With a few assumptions as to the stoichiometries of the systems, ArsB alone is theoretically capable of producing a 1000-fold gradient of arsenite; that is, the concentration of arsenite inside of a resistant cell would be 1000-fold less than the medium concentration. In contrast, an ArsA-ArsB pump could, in theory, produce a 10 6 -fold gradient! This can go far to explain why cells that express both genes are more resistant than those with only arsB. Thus the evolution of the ArsA-ArsB complex was a later event that may have arisen in response to chronic exposure to elevated levels of arsenic. It is interesting to speculate that other pumps may have evolved from secondary carriers [34] .
Conclusions
Resistance to metals produced by efflux systems is probably the most frequently adopted mechanism used in Nature. As a result of the genomesequencing project, many potential systems have been identified from DNA sequences. In the future the functions of these systems will be elucidated. In some cases they will be primarily resistance systems such as those found on plasmids or chromosomes as the result of gene transfer. In other cases those pumps will have housekeeping functions in normal metabolism, such as copper or zinc metabolism. Humans also have such housekeeping systems, and inheritable metabolic disorders of copper homoeostasis such as Menkes and Wilson diseases result from mutations in the genes for such pumps. It is advantageous for genetic and biochemical studies to use bacteria, and they serve as excellent model systems for the study of human diseases. For example, in soft-metal P-type ATPases, the roles of the N-terminal cysteines and histidines and the membrane CPC domain are not known, and the structure of the metal-binding sites are yet to be elucidated. Using bacterial pumps, the combination of molecular genetics and biochemistry can shed light on the way in which metals are bound and transported by their human counterparts.
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